proposed that Gata6 and Gata4 expression reinforce a transcriptional network that antagonizes Nanog expression ). These inhibitory interactions in turn seem to initiate a cell sorting process that compartmentalizes the ICM into distinct epiblast and primitive endoderm domains (Chazaud et al. 2006; Plusa et al. 2008) . This cell sorting is likely facilitated by specific expression of cell surface proteins, including Dab2 and Laminin 1, within the primitive endoderm .
It is also clear that Gata6 and Gata4 act in a genetic pathway controlling differentiation of ES cells into extraembryonic endoderm (ExEn) (Fujikura et al. 2002) . It has been suggested recently that the transcription factor Sox17 also functions in the differentiation of mouse ES cells toward the ExEn (Shimoda et al. 2007 ). However, it is not known whether any of these factors directly regulate genes functioning in ExEn differentiation, including those encoding ExEn-specific cell surface proteins. Finally, it is not understood how the activation of this differentiation program leads to disengagement of the transcriptional network driving pluripotency and self-renewal.
While Sox17's functions in the formation and maintenance of definitive endoderm, vascular endothelium, and fetal hematopoietic stem cells are well established (Kanai-Azuma et al. 2002; Matsui et al. 2006; Kim et al. 2007) , its role in ExEn differentiation is more poorly understood. We sought to clarify the function of Sox17 in stem cell differentiation and understand how its expression affects genes involved in the maintenance of self-renewing ES cells.
We found that Sox17 is expressed within the ICM of the mouse blastocyst and within ES cell cultures, where it is a central component of the transcriptional network governing differentiation. Our data elaborate three distinct mechanisms by which Sox17 functions to promote differentiation. First, Sox17 binds to and activates a suite of genes that function in ExEn development and ICM cell sorting. Second, Sox17 consolidates the transcriptional network driving differentiation by directly stimulating the expression of Gata6 and Gata4. Last, Sox17 inhibits the transcription of many genes normally expressed in ES cells and is required to properly antagonize the expression of Sox2, Nanog, and Oct4, thus aiding in the disengagement of the self-renewal program.
Results

Sox17 is expressed in the preimplantation embryo
Previous reports have suggested that Sox17 mRNA initially appears at embryonic day 6 (E6) in the ExEn (Kanai-Azuma et al. 2002; Shimoda et al. 2007 ). However, its function in that context has not been studied extensively, nor has the possibility of earlier Sox17 expression been explored. While examining published microarray data (Wang et al. 2005) , we noted that Sox17 transcription was induced between the morula and blastocyst stages of development ( Fig. 1A) . Clustering analysis of transcripts showed that the expression profile of Sox17 was similar to those of several genes functioning within the primitive endoderm, including Dab2, Lama1, and Sparc (Fig. 1A) .
To determine the expression domain of Sox17 in the preimplantation embryo, we performed immunofluorescent staining with antibodies specific to both Sox17 and Oct4 (Fig. 1B) . Sox17 was first observed at the 32-cell stage, where it was coexpressed with Oct4 ( Fig. 1B) . As the early blastocyst expanded, Sox17 expression was specific to a subset of ICM cells that increased in number over time. Sox17 was found in cells immediately adjacent to the blastocoel cavity and in cells deeper within the ICM (Fig. 1B) . As development continued to the late blastocyst stage, cells expressing Sox17 became restricted to the primitive endoderm and were adjacent to the blastocoel cavity ( Fig. 1B) .
To confirm the specificity of our antibody recognizing Sox17, we used a mouse strain in which a cDNA encoding the Tomato red fluorescent protein was placed in-frame with the Sox17 start codon via homologous recombination ( Fig. 1C ; Borowiak et al. 2009 ). Sox17TTomato heterozygous mice (Sox17 +/À ) were intercrossed and the resulting preimplantation embryos analyzed for Tomato expression ( Fig. 1C; Supplemental Fig. S1 ). Control Sox17 +/+ embryos expressed Sox17, but not the Tomato protein (Fig. 1C ). In heterozygous Sox17 +/À embryos, the Tomato and Sox17 proteins were coexpressed, with Sox17 found in the nucleus and the Tomato protein localized throughout the cell (Fig. 1C ). In Sox17 À/À embryos, only the Tomato protein was present, with no detectable Sox17 protein, suggesting that this allele is a null mutation (Fig. 1C ).
To confirm that the Sox17 reporter allele was indeed a null, Tomato and Sox17 protein expression were examined by antibody staining in Sox17 +/+ , Sox17 +/À , and Sox17 À/À embryos at day 8 post-conception (Supplemental Fig. S2 ). As reported previously, Sox17 À/À embryos were growth-retarded and failed to gastrulate properly (Supplemental Fig. S2; Kanai-Azuma et al. 2002; Kim et al. 2007 ).
Since Sox17 expression appeared to localize to the primitive endoderm lineage of the preimplantation embryo, we asked whether it was coexpressed with proteins known to control development of this cell type. We observed that Sox17 expression at the 32-cell stage preceded the appearance of Gata4 (Fig. 1D ). Once Gata4 was expressed, around the 64-cell stage, it was always coincident with Sox17 ( Fig. 1D ). Gata6 expression was difficult to assess at the 32-cell stage due to high background staining; therefore, we could not determine the order of Gata6 and Sox17 expression. However, our microarray data (Supplemental Fig. S3 ) and recent reports (Plusa et al. 2008) suggested that Gata6 is transcribed before Sox17, perhaps as early as the eight-cell stage. In the blastocyst, where we could accurately resolve Gata6 expression by immunofluorescence, it was always coincident with Sox17 ( Fig. 1E ).
We also found coexpression of Sox17 and the protein Laminin, which is thought to confer an adherence difference to cells of the primitive endoderm (Chazaud et al. 2006) . At the 32-cell stage, only one cell expressing Sox17 was ordinarily observed, and Laminin was present only on the surface of that cell (Fig. 1F ). No Laminin expression was observed prior to the 32-cell stage. By the late-blastocyst stage, Laminin was found in both the primitive endoderm, overlapping with Sox17, and in the trophectoderm, where Sox17 was not expressed (Fig. 1F ).
During preimplantation development, Gata6 and Nanog are initially coexpressed in the ICM, and then gradually become partitioned into distinct expression domains within the primitive endoderm and epiblast (Chazaud et al. 2006; Plusa et al. 2008) . Following this compartmentalization, cells that express Nanog give rise to the epiblast, while cells that express Gata6 form the primitive endoderm. As Sox17 was also expressed early in development of the primitive endoderm, we asked whether it, too, showed a mosaic expression pattern with Nanog. Staining of embryos with antibodies specific to Nanog and Sox17 indicated that all cells within the 32-cell stage embryo that expressed Sox17 also expressed Nanog ( Fig. 1G ; Supplemental Fig. S4 ). Around the 64-cell stage, the ICM of the blastocyst was a mosaic of cells coexpressing both Nanog and Sox17, interspersed with cells that expressed either Nanog only or Sox17 only ( Fig. 1G ; Supplemental  Fig. S4 ). By the 128-cell stage, this mosaic expression pattern had resolved, with the ICM comprised of cells that expressed only Sox17 or Nanog ( Fig. 1G ; Supplemental Fig. S4 ). These results demonstrate that, similar to Gata6, Sox17 is initially coexpressed with Nanog, but then gradually becomes partitioned to the primitive endoderm. This expression pattern for Sox17 is consistent with the previously proposed cell sorting model for the segregation of epiblast progenitors and primitive endoderm cells within the ICM (Chazaud et al. 2006; Plusa et al. 2008) .
Sox17 is required for blastocyst-derived ExEn (XEN) cell derivation
It has been demonstrated previously that the three cell lineages within the developing blastocyst can be modeled using in vitro cultured cell types. These include ES cells, trophoblast stem cells, and XEN cells (Evans and Kaufman 1981; Martin 1981; Tanaka et al. 1998; Kunath et al. 2005) . We took advantage of these in vitro cultured cell types to investigate the function of Sox17 in the preimplantation embryo.
To confirm previous reports suggesting that Sox17 is expressed in XEN cells (Kunath et al. 2005) , we performed immunofluorescent staining and quantitative RT-PCR. Sox17 was coexpressed in XEN cells along with Gata4, Laminin, Dab2, and Sparc ( Fig. 2A ; Kunath et al. 2005) . As reported previously, XEN cells did not express Nanog or Oct4 ( Fig. 2A ; Supplemental Fig. S5 ; Kunath et al. 2005) . Quantitative RT-PCR confirmed transcription of Sox17 and Gata4 in these cells (Supplemental Fig. S5 ).
To investigate whether Sox17 has an important function in the ExEn, we asked whether XEN cell lines could be derived from Sox17 À/À embryos. We intercrossed Sox17 +/À animals and attempted to generate XEN cell lines from the resulting embryos. While Sox17 +/+ and Sox17 +/À XEN cell lines could be generated, we were unable to derive Sox17 À/À XEN cell lines ( Fig. 2B ), indicating that Sox17 is required for the establishment of this cell type.
Our in vitro results suggested that Sox17 deficiency might have consequences for the establishment of functional primitive endoderm cells in vivo. We next investigated whether the loss of Sox17 in the blastocyst has consequences for expression of pluripotency genes such as Nanog or the expression of ExEn cell surface proteins such as Laminin. We collected Sox17 mutant preimplantation embryos generated from heterozygous crosses and performed immunofluorescence analysis followed by PCR to confirm genotypes. Sox17 mutant embryos appeared to properly segregate Nanog-expressing epiblast progenitors and maintained Laminin expression in the primitive endoderm (Supplemental Fig. S4 ). Our observations confirm previous reports suggesting a lack of an obvious defect in the establishment of the primitive endoderm in Sox17-deficient embryos (Kanai-Azuma et al. 2002; Shimoda et al. 2007 ). This result suggests there may be functional redundancy with other transcription factors, as has been suggested (Kanai-Azuma et al. 2002; Shimoda et al. 2007 ).
Sox17 regulates XEN gene expression
As Sox17 À/À XEN cell lines could not be generated and the functional redundancy of the transcription factor network in the blastocyst seemed to preclude further functional studies in vivo, we proceeded to investigate the functional importance of Sox17 in an alternative in vitro model of ICM differentiation. Since their first introduction as a model for studying cavitation in the early embryo, ES cell-derived embryoid bodies (EBs) have proven useful in understanding the formation of the XEN (Coucouvanis and Martin 1995) . As in the ICM, cells within a newly formed EB express Oct4 and Nanog. As Sox17 directly regulates ExEn gene expression differentiation proceeds, a subset of cells activate genes found in the primitive endoderm, such as Gata6 and Gata4. These cells are then thought to migrate to the margin of the EB, where they form an epithelial cell layer expressing additional genes functioning in the ExEn (Soudais et al. 1995; Morrisey et al. 1998) . It has been shown previously that EBs generated from Gata6 and Gata4 mutant ES cells fail to form this epithelialized cell layer, suggesting this might be a more amenable system for studying the role of Sox17 in differentiation (Capo-Chichi et al. 2005) .
To test whether Sox17 was required in this assay for differentiation of ES cells, we derived Sox17 +/À and Sox17 À/À ES cell lines and then used them to generate EBs ( Fig. 2C; Supplemental Fig. S6 ). Epifluorescence imaging and quantification of the localization of Sox17 expression revealed that Sox17TTomato was always found at the periphery of Sox17 +/À control EBs, adjacent to the epithelialized basement membrane ( Fig. 2C ; Supplemental Fig. S6 ). In contrast, Sox17TTomato expression was highly disorganized and mislocalized to the center of mutant Sox17 À/À EBs ( Fig. 2C ; Supplemental  Fig. S6 ). These observations suggest that loss of Sox17 leads to a failure in cell sorting to the periphery of the EB.
Since cells in Sox17 À/À EBs attempting to express Sox17 failed to sort to the exterior of EBs, we next tested whether loss of Sox17 effected expression of genes functioning in ExEn differentiation (Shimoda et al. 2007 ). Loss of both alleles of Sox17 resulted in a significant reduction in the expression of ExEn transcripts Sox7, Pem, Sparc, Afp, Amn, Nr2a1, Foxa2, and Nr2f1 (P < 0.01) ( Fig. 2D ). Transcript levels for the majority of these genes depended on the dose of Sox17, such that many were reduced significantly in heterozygous Sox17 +/À EBs (P < 0.01). In contrast, Foxa2 and Nr2f1 were up-regulated and unchanged, respectively, in heterozygous Sox17 +/À EBs, while both were significantly down-regulated in mutant Sox17 À/À EBs, suggesting that these genes are subject to more complex regulation by Sox17 ( Fig. 2D ). Consistent with previous reports, Sox17-deficient ES cells also exhibited a dose-dependent down-regulation of the transcription factor Sall4, which has a role in both embryonic and extraembryonic stem cell maintenance (Lim et al. 2008) .
Cells expressing Sox17 are committed to differentiate
During routine culture of mouse ES cells, we observed that Sox17 was transcribed at a low level (Supplemental Fig. S5 ). Immunofluorescence revealed that Sox17 was highly expressed only in a subset of cells on the outside of otherwise undifferentiated stem cell colonies ( Fig. 2A) . Quantitative RT-PCR confirmed that ExEn genes such as Gata4 were also transcribed at a low level in these ES cell cultures (Supplementa Fig. S5 ). We found that cells either expressed Nanog or high levels of Sox17 but not both, while Sox17 expression colocalized with ExEn-associated proteins such as Gata4, Laminin, Dab2, and Sparc ( Fig.  2A; Supplemental Fig. S4 ).
We next investigated whether cells that spontaneously expressed high levels of Sox17 within an ES cell culture were committed to differentiation and were no longer pluripotent. To address this issue, we used a Sox17TGFP knock-in reporter ES cell line to perform in vitro clonal analysis and in vivo transplant assays into blastocysts (Fig. 3A; Kim et al. 2007) . In order to follow the fate of the Sox17TGFP cells irrespective of Sox17TGFP expression, we further labeled these cells by transduction with a lentivirus carrying a coding sequence for the red fluorescent Tomato protein under control of the widely expressed Ubiquitin promoter ( Fig. 3B ). ES cells were dissociated into a single-cell suspension, and both Sox17TGFP-high and Sox17TGFP-low cells were identified under epifluorescence, picked by hand, and used for clonal analysis (Fig. 3C ).
As might be expected, and similar to the parental cultures, clonally expanded Sox17TGFP-low cells formed typical ES cell colonies composed of cells that did not express Sox17TGFP, and were occasionally surrounded by cells that did ( Fig. 3D ). In contrast, when Sox17TGFPhigh cells were clonally expanded under routine ES cell growth conditions, typical ES cell colonies were not observed. Instead, cultures of proliferating homogeneous Sox17TGFP-high cells were produced that morphologically resembled endoderm ( Fig. 3E ; Fujikura et al. 2002) . These results suggest that Sox17 expression marks ES cells committed to differentiation.
To confirm these observations in vivo, blastocysts were injected with either Sox17TGFP-high or Sox17TGFP-low cells. The embryos were then transferred into pseudopregnant recipient mice. The developmental potency of the injected cells was examined by isolating the resulting E6-E6.5 embryos, then determining the degree to which transplanted cells had incorporated into the embryonic and/or extraembryonic lineages (summarized in Table 1 ). The injection of Sox17TGFP-low-expressing ES cells into blastocysts ( Fig. 3F ) resulted in cells that remained Sox17TGFP-low and that only contributed to the epiblast (Fig. 3H ). This suggests that Sox17TGFP-low cells, which are presumably undifferentiated ES cells, are more restricted in their potential in vivo than in vitro. One possible explanation for this finding is that, once injected into blastocysts, cells within the host embryo suppress the ability of the ES cells to differentiate into the ExEn.
In contrast, when single cells with high Sox17TGFP expression ( Fig. 3G) were injected, they showed incorporation into the ExEn and failed to give rise to epiblast (Fig.  3I) . Often, we observed several labeled cells in the ExEn, suggesting that the injected cells had divided (Fig. 3I ). We also observed that these Sox17TGFP-high cells regularly contributed to the parietal and visceral endoderm, but we did not observe contribution to the extraembryonic visceral endoderm overlaying the extraembryonic ectoderm. Taken together, these data demonstrate that ES cells with high Sox17 expression are committed to differentiate down the extraembryonic lineage.
Sox17 binds to target genes required for extraembryonic differentiation
The experiments described thus far show that Sox17 is expressed in cells committed to differentiate into the extraembryonic lineage, where it is functionally required for the regulation of gene expression and the establishment of XEN cell lines. We next investigated whether Sox17 directly or indirectly regulates ExEn gene expression by identifying Sox17 DNA-binding sites using chromatin immunoprecipitation (ChIP) coupled with whole-genome promoter tiling array analysis (ChIPchip).
We used the Sox17 antibody to ask whether Sox17 was binding directly to the regulatory regions of genes in XEN cell lines ( Fig. 4 ; Supplemental Table S3 ; Kunath et al. 2005) . In XEN cells, Sox17-binding sites were located Table S3 ). We performed an ontology analysis for the genes with Sox17-binding sites, and found that a significant number had functions in basement membrane establishment and maintenance (Supplemental Fig. S7 ). Genes with significant binding sites included Col4a1, Col4a2, Lama1, Lamb1-1, and Lamc1, each of which are necessary to establish the extracellular matrix (ECM) during basement membrane formation between the epiblast and ExEn (Fig. 4A ; Supplemental Table S3 ; Miner and Yurchenco 2004) . We also found Sox17 bound the promoter regions of genes encoding additional basement membrane components not identified previously as being expressed in the XEN, including Vitrin (Fig.  4A ; Supplemental Table S3 ; Manabe et al. 2008) . ChIP followed by quantitative PCR using primers spanning the enriched Sox17-binding sites confirmed our microarray results (Fig. 4B) . These studies suggest that one of Sox17's functions in the differentiation of ICM and ES cells is to bind the regulatory regions of many genes that encode basement membrane components, thus leading to their activation.
In addition to these ECM genes, Sox17 was also bound to promoter regions of other genes implicated in ExEn development, including Pdgfra, Fgfr2, Sall4, Slc38a4, Ifnk, and Ap2m1 (Fig. 4A,B ; Supplemental Table S3 ; Arman et al. 1999; Mitsunari et al. 2005; Lim et al. 2008; Plusa et al. 2008 ). These results point to the significance of Sox17 as a critical and direct effecter of extraembryonic differentiation. Consistent with this conclusion, we noted that Sox17 was also bound to the regulatory regions of Gata4 and Gata6 (Fig. 4A,B ; Supplemental Table S3 ). Thus, in addition to directly activating genes required for primitive endoderm differentiation, it seemed that Sox17 might also function to activate and reinforce the transcriptional network governing differentiation.
Sox17 expression is sufficient to activate its target genes
The direct binding of Sox17 to the regulatory regions of genes expressed within the ExEn suggests that forced expression of this transcription factor might be sufficient to directly activate its target genes. To address this question, we performed a gain-of-function analysis by generating ES cell lines carrying a doxycycline-inducible Flag-tagged Sox17 transgene (Fig. 5A ). After treatment of transgenic ES cells with doxycycline, there was robust induction of the Sox17 transcript ( Fig. 5C; Supplemental  Fig. S8 ). Sox17 protein expression, which colocalized with the Flag antigen, was observed in a subset of cells within the induced cultures (Fig. 5B ). However, we did note that some cells did not seem to respond to the doxycycline treatment and expressed neither Sox17 nor the Flag antigen (Fig. 5B) .
To determine whether Sox17 overexpression could directly activate its target genes, we treated Sox17inducible ES cells with doxycycline, collected RNA, and performed genome-wide transcriptional analysis and quantitative RT-PCR. Following Sox17 induction, we found increased expression of both the Lama1 gene and genes encoding basement membrane components Col4a1 and Col4a2 (Fig. 5D; Supplemental Fig. S8 ; Supplemental  Table S4 ). Immunofluorescence analysis confirmed that ectopic expression of Sox17 in ES cells was sufficient to induce the expression of Laminin and Collagen proteins (Fig. 5B ). ChIP-chip analysis using these doxycycline-treated ES cells further demonstrated that Sox17 occupied the regulatory regions upstream of Col4a1, Col4a2, Lama1, and Lamb1-1 (Supplemental Fig. S9 ; Supplemental  Tables S5,S6 ).
We next wanted to determine whether Sox17 can positively regulate the key endoderm transcription factors Gata6 and Gata4, whose induction alone has been demonstrated to be sufficient to differentiate ES cells into XEN stem cells (Fujikura et al. 2002; Shimosato et al. 2007) . Following doxycycline treatment of ES cells, we found that Sox17 expression was sufficient to activate transcription of Gata6 and Gata4 (Fig. 5D ; Supplemental Fig. S8 ; Supplemental Table S4 ). Sox17 induction also resulted in the down-regulation of Sall4.
These results suggest that Sox17 not only regulates expression of cell surface proteins required for differentiation, but it is also a critical component of the transcriptional network that governs the decision that ES cells make to differentiate into ExEn. If this is the case, then the loss of Sox17 might have ramifications for the ability of ES cells to exit their pluripotent transcriptional program and to differentiate into the ExEn. We began to investigate this possibility by analyzing the epistatic relationship between Sox17 and the other transcription Cold Spring Harbor Laboratory Press on August 17, 2011 -Published by genesdev.cshlp.org Downloaded from factors known to influence cell fate decisions within ES cells.
Epistatic relationship between Sox17 and other transcriptional regulators
We examined the epistatic relationship between Sox17, Gata6, Gata4, and Nanog by examining gene expression and extraembryonic differentiation in mutant EBs. EBs were generated from Sox17-, Gata6-, and Gata4-deficient ES cells (Morrisey et al. 1998; Watt et al. 2004 ); Gata6 and Gata4 compound mutant ES cells (Zhao et al. 2008) ; and ES cells constitutively overexpressing Nanog (Silva et al. 2006) .
Notably, we observed that loss of Sox17 resulted in a significant increase in expression of the pluripotencyassociated genes Sox2, Nanog, and Oct4 (P < 0.05), and that Sox17 À/À EBs possessed a morphology very similar to EBs generated from ES cells with forced Nanog overexpression ( Fig. 6A,B; Supplemental Fig. S10 ). These phenotypes were also shared with Gata6 À/À , Gata4 À/À , and Gata4 À/À Gata6 À/À compound-null EBs (Fig. 6A,B ; Supplemental Fig. S10 ), suggesting that, like Gata6 and Gata4, Sox17 expression is also required for normal down-regulation of Nanog. However, we observed that a dramatic increase in Oct4 expression was specific to the removal of Sox17, as this effect was not observed in Gata4 mutants and was more variable following Gata6 loss of function (Fig. 6B) . These results indicate that Sox17 is functionally necessary to antagonize the expression of three key pluripotency genes.
We observed that Gata6 and Gata4 expression persisted in Sox17 À/À EBs, but that cells expressing these genes did not properly localize to the periphery of EBs to form an epithelialized margin ( Fig. 6A,C; Supplemental  Fig. S10 ). Despite greater variance in Gata6 expression in the Sox17 +/À EBs, the absolute level of Gata6 in this background was not significantly different from the level in wild-type EBs (P = 0.2) ( Fig. 6C ). While the levels of Gata6 expression remained unchanged in Sox17 À/À EBs, Gata4 expression levels were significantly decreased (P < 0.01) (Fig. 6C) . These results suggest that the relative abundance and correct localization of Gata4 during extraembryonic development were Sox17-dependent, while the initiation of Gata4 expression was Sox17-independent ( Fig. 6A,C) .
As expected from previous findings, Gata6 mutant EBs lacked Gata4 expression and resembled the Gata6 and Gata4 compound-null EBs, while Gata4 mutant EBs maintained Gata6 expression. Thus, Gata6 lies upstream Figure 6 . Epistatic relationship between Sox17 and other transcriptional regulators. (A) Wild-type, Sox17 +/À , Sox17 À/À , Nanogoverexpressing (OE), Gata4 À/À , Gata6 À/À , and Gata4 À/À and Gata6 À/À compound mutant day 6 EBs were examined by immunostaining for Oct4, Nanog, Sox2, Sox17, Laminin, Dab2, Gata4, and Gata6. Quantitative RT-PCR analysis of Nanog, Oct4, and Sox2 (B); Sox17, Gata6, and Gata4 (C); and Laminin and Dab2 (D), with relative expression reflected as a percent of Gapdh expression (n = 4).
of Gata4 in this genetic pathway ( Fig. 6A,C ; Supplemental Fig. S10 ). Gata6 À/À EBs lacked detectable Sox17 expression, suggesting that Gata6 also lies upstream of Sox17 (Figs. 6A,C, 7D) . In contrast, Gata4 À/À EBs maintained Sox17 expression, although Sox17 expression in these EBs was largely disorganized and quantitatively lower than in wild-type controls (P < 0.001) ( Fig. 6A,C;  Supplemental Fig. S10) . These results suggest that, while migration of cells expressing Sox17 to the periphery of EBs required Gata4, the initiation of Sox17 expression was Gata4-independent. This finding is consistent with the notion that Gata4 and Sox17 are not dependent on one another for initiation of their expression, but that, once activated, they reciprocally stimulate each other's transcription.
We next asked whether failures in cell migration might be due to reduced expression of ExEn-associated cell surface proteins. Loss of Sox17 resulted in a significant reduction in Lama1, Col4a1, Col4a2, and Dab2 transcripts (P < 0.04), and we failed to detect Laminin and Dab2 staining in Sox17 À/À EBs (Fig. 6A,D; Supplemental Figs. S10, S11). This was very similar to the phenotype that we observed in EBs upon loss of the Gata transcription factors or overexpression of Nanog. Interestingly, we consistently observed that the expression of Lama1, Col4a1, and Col4a2 were up-regulated significantly (P < 0.02) in Sox17 +/À EBs compared with wild-type controls, suggesting compensatory induction of these transcripts, resulting from the loss of one Sox17 allele ( Fig. 6D;  Supplemental Fig. S11 ). Chen et al. 2008; Kim et al. 2008) . Representative example of the target gene, Lama1. Unprocessed ChIP enrichment ratios were plotted for each probe, together with the associated chromosome and genomic location, exon (box), intron (horizontal line), transcription direction, and start site (arrow). (D) A model for Sox17 gene regulation in ExEn differentiation. The Oct4, Sox2, and Nanog transcription factor network is a feed-forward loop maintaining mouse ES cell pluripotency (Boyer et al. 2006) , while inhibiting genes involved in differentiation. Gata6 lies upstream of Gata4 in the differentiation cascade (depicted as dashed lines, indicating no evidence to date that these interactions are direct) (Chazaud et al. 2006) . Sox17 lies downstream from Gata6 and directly regulates the expression of Gata6 and Gata4 (solid lines). Sox17 binds directly to and activates the transcription of genes known to function in ExEn differentiation. (E) Nanog and Sox17 were bound reciprocally to shared Nanog/Sox17 genomic sites, represented here by the region upstream of the Lama1 start site (arrow). This suggests a mechanism for initiation of differentiation in which Sox17 displaces repressive Nanog complexes from shared binding sites and, in turn, activates gene expression. Cold Spring Harbor Laboratory Press on August 17, 2011 -Published by genesdev.cshlp.org Downloaded from
Sox17 expression is sufficient to down-regulate aspects of the ES cell transcriptional program
Sox17 is required for the proper reduction of Sox2, Nanog, and Oct4 expression in EBs, suggesting that it might functionally repress the ES cell transcription program during differentiation. To test this, we asked whether Sox17 interacted with Sox2, Nanog, Oct4, or other genes known to function in the maintenance of ES cell pluripotency, and whether Sox17 expression was sufficient to inhibit their expression (Boiani and Scholer 2005) .
We induced the expression of Sox17 in ES cells and identified Sox17-binding sites by ChIP-chip. Indeed, we found that Sox17 was bound upstream of Sox2 and Nanog, suggesting that it regulates the expression of these genes directly (Fig. 4D ; Supplemental Table S5 ). However, we did not find convincing binding for Sox17 near Oct4 ( Supplemental Tables S5, S6 ), suggesting either indirect regulation or that the binding site was not represented on our array.
Sox17 was also observed to bind directly to the regulatory regions of many genes acting in pathways known to function in ES cell pluripotency and self-renewal. Ontology analysis of all of the Sox17 ChIP-chip binding targets identified in ES cells demonstrated a significant enrichment near genes involved in the cell cycle, as well as the Wnt, Tgfb, and Jak-STAT signaling pathways (Supplemental Fig. S12 ; Supplemental Table S5 ; Boiani and Scholer 2005) . We also performed a genome-wide analysis of transcription after Sox17 induction in ES cells and observed that transcription of pluripotency-associated genes was suppressed (Supplemental Fig. S13 ; Supplemental Table S7 ; Boiani and Scholer 2005) . However, Sox17 expression was not sufficient to rapidly downregulate Sox2, Nanog, and Oct4 (Fig. 5B,E; Supplemental  Fig. S8 ), a finding consistent with the overexpression of SOX17 in human ES cells (Seguin et al. 2008) .
We next performed a teratoma analysis to evaluate the pluripotency of cells induced to express Sox17, and to determine whether they had a propensity to differentiate into ExEn cell types. We injected Sox17-inducible cells that had been treated with doxycycline for 5 d into NOD-SCID mice and continued to administer doxycyline during the course of the teratoma assay. We found that, following Sox17 induction, ES cultures maintained the potential to give rise to all three embryonic germ layers in teratomas ( Supplemental Fig. S14 ), and we did not observe obvious skewing in the various cell types produced. While these results suggest that Sox17 expression might not be sufficient to prevent teratoma formation, we did observe that doxycyline treatment of our Sox17-inducible cells did not result in homogeneous induction of Sox17 expression ( Fig. 5B) . To more accurately resolve whether Sox17 induction has consequences for ES cell pluripotency in a teratoma assay, it will be important to purify cells that have successfully induced Sox17.
We also performed a teratoma analysis to investigate whether Sox17-deficient ES cells maintained the capacity to give rise to XEN cells. Sox17 mutant ES cells maintained the capacity to give rise to all three germ layers (Supplemental Fig. S14 ). The presence of large epithelial structures reminiscent of the ExEn have been observed previously in teratomas derived from human ES cells overexpressing SOX7 (Seguin et al. 2008 ). It was difficult to discern these structures in either the wild-type control or Sox17-deficient teratomas, and we therefore cannot conclude from these results whether Sox17 deficiency prevents formation of ExEn within a teratoma.
Sox17 expression has significant consequences for ES cell self-renewal
We observed that Sox17 was both necessary and sufficient for the induction of basement membrane components in ES cell cultures, and antagonized pathways promoting ES cell self-renewal and pluripotency. We next asked whether Sox17 expression had functional consequences for ES cell self-renewal. Indeed, induction of Sox17 with doxycycline resulted in a significant and sustained inhibition of ES cell self-renewal, while Sox17 deficiency led to a significant increase in self-renewal.
Sox17-inducible, Sox17 mutant, Nanog-overexpressing, and wild-type ES cell controls were plated at the same density, and the total cell number was compared at 2, 4, 6, 8, and 10 d following treatment with or without doxycycline. At 6 d, doxycycline-treated control and Sox17induced cells both resulted in a significant reduction in cell number compared with the untreated control ( Fig. 7A) . At 8 and 10 d, the Sox17-induced cells maintained a significant reduction in cell number compared with both the doxycycline-treated and untreated controls (Fig. 7A) . Reciprocally, Sox17-deficient ES cells exhibited a significant increase in self-renewal compared with control ES cells (Fig. 7A) .
Sox17, Nanog, Oct4, and Sox2 share a number of significant overlapping targets The ability of Sox17 to inhibit genes involved in ES cell self-renewal and induce genes required for ExEn differentiation suggests that Sox17 might compete with Sox2, Nanog, and Oct4 for regulation of target genes within either or both of these pathways. We sought to investigate the potential for the competition of Sox17 and any of the core pluripotency factors by comparing the Sox17-bound site we identified by ChIP-chip in XEN and ES cells to those published previously for Sox2, Nanog, and Oct4 (Chen et al. 2008; Kim et al. 2008) . Indeed, we found a number of Sox17 targets were also bound by Sox2, Nanog, and Oct4 ( Fig. 7C; Supplemental Fig. S15 ; Supplemental  Tables S8, S9 ), and that the overlap in targets was significantly greater than expected by chance ( Supplemental  Table S10 ). Of particular note, we found that the Sox17bound regulatory regions we identified upstream of Lama1, Col4a1, Ap2m1, and Vitrin were also bound by Sox2 and Nanog, suggesting that Sox17 might function by disengaging the repression of Sox2 or Nanog at these sites ( Fig. 7B,C;  Supplemental Fig. S15 ; Supplemental Tables S8, S9 ).
If Sox17 competes with either Nanog or Sox2 for the same DNA-binding sites, then we would predict that these transcription factors might share a consensus DNA-binding sequence. Indeed, it had been predicted previously that Sry homeobox-containing genes like Sox2 and Sox17 should share an identical consensus-binding motif (Kamachi et al. 2000) . We investigated whether Sox17 was interacting with a conserved sequence in stem cells by performing de novo motif analysis using the top 300 Sox17-binding sites. We found that Sox17 was generally binding to sites containing the consensus motif of 59-ATTGT-39 ( Fig. 4C ; Supplemental Table S11 ). Interestingly, this motif was similar to the Sox2 portion of the Oct4-Sox2 composite motif that has been reported previously (Ji et al. 2006) . The Sox17-binding sites that we experimentally identified in Col4a1, Col4a2, Lama1, Lamb1-1, Gata4, Sall4, Ap2m1, Vitrin, Ifnk, Slc38a4, Nanog, and Sox2 all contained this motif (Fig. 4C ). This further suggests that Sox17 and Sox2 could be acting antagonistically at these shared targets by either directly competing for these target sequences or reciprocally influencing the binding of Nanog or Oct4 at these locations.
To directly test this model, we performed ChIP analysis using Sox2 and Nanog antibodies on mouse ES cells both before and after doxycycline induction of Sox17. Following ChIP, we performed quantitative PCR using primers that flank binding sites shared by Sox17, Nanog, and Sox2. If Sox17 was interfering with either Sox2 or Nanog binding at these shared sites, then we would predict a reduction in enrichment of one of these pluripotency factors following Sox17 induction. Although we did not observe a reduction in Sox2 enrichment at these sites (Supplemental Fig. S16 ), we found that Sox17 induction did interfere with binding of Nanog at its Sox17 shared binding sites ( Fig. 7B ; Supplemental Tables S8, S9 ). Nanog binding at Lama1, Ppm1b, and Vitrin was reduced fivefold in ES cells following 48 h of Sox17 induction (P < 0.01) ( Fig. 7B) . Nanog enrichment was also reduced significantly at the shared Sox17-binding site in the regulatory region of the Sox2 gene (P < 0.01) ( Fig. 7B) . Notably, and consistent with continued expression of Oct4 in the primitive endoderm, Nanog enrichment at the Oct4 regulatory region was not affected significantly by Sox17 induction (Fig. 7B) . These results suggest that Sox17 acts to promote differentiation and inhibit selfrenewal at least in part by disengaging Nanog from a subset of its transcriptional targets.
Discussion
Here we present evidence demonstrating that Sox17 is an integral component of a transcriptional network that drives differentiation of pluripotent cells toward the ExEn. Our findings raise a significant note of caution for the use of Sox17 as a marker of definitive endoderm, since it is strongly expressed in extraembryonic cells, which are readily generated by mouse ES cells. Our findings in mouse stem cells contrast with studies that suggest that overexpression of SOX17 induced differentiation of human ES cells toward a definitive endoderm phenotype (Seguin et al. 2008) . This difference in the response of mouse and human ES cells to Sox17/SOX17 could be explained by the recent observation that human ES cells seem more reminiscent of cells within the epiblast than cells within the ICM (Brons et al. 2007; Tesar et al. 2007) .
It is thought that symmetry of self-renewal within the ICM and within ES cell cultures is first broken by Fgf signaling through the Grb2-kinase pathway, which in turn activates Gata6 expression (Cheng et al. 1998; Chazaud et al. 2006) . Once Gata6 protein accumulates, it either directly or indirectly triggers expression of Gata4 and Sox17 (Fig. 7D) . Our data suggest that the Gata4 and Sox17 proteins then act to consolidate this transcriptional network for differentiation by creating a positive feed-forward circuit that can amplify the levels of the Gata6, Gata4, and Sox17 transcription factors (Fig. 7D) . We provided evidence that genetic interactions with the remainder of the transcriptional network for differentiation can be mediated by direct binding of the Sox17 protein, accompanied by a positive effect on transcription. This transcriptional feed-forward loop may also explain the cell fate commitment of differentiating ES cells that express Sox17. Once ES cells accumulate sufficient quantities of Sox17 protein, it is no longer possible for them to disengage this differentiation program.
The preimplantation expression of Sox17 and its function in stem cells implies that its loss may have consequences for XEN development in vivo. Notably, we failed to observe any significant effects on ExEn development in Sox17-deficient embryos. We speculate that the lack of a phenotype in vivo relates to the highly regulative environment of the mouse embryo, and therefore reflects compensatory changes in gene expression networks controlling development. This model is supported by the observation that both Gata4 and Sox7 continue to be expressed in Sox17-deficient embryos, which also maintain expression of important extraembryonic factors such as Afp and Hnf4 (Kanai-Azuma et al. 2002; Shimoda et al. 2007 ). This hypothesis would be best addressed by generating compound mutant mouse embryos.
Our genetic analysis in stem cells indicates that Sox17 is both necessary and sufficient to directly activate the transcription of a wide variety of genes known to function in basement membrane establishment. It may be that Gata6 and Gata4 collaborate to activate these targets, as loss of either Gata6 or Gata4 has been demonstrated to influence their expression (Capo-Chichi et al. 2005 ). However, it has not been investigated whether there are direct interactions between the Gata transcription factors and regulatory regions of these target genes. Therefore, it is a formal possibility that Gata6 and Gata4 act primarily to amplify the expression of Sox17, which is then the primary player in activating the effecter genes for differentiation. Genetic analysis demonstrating that Laminin and Collagen IV can become expressed even in the absence of Gata4 support this model.
The observation that Sox17 interacts with many of the same promoter sequences to which Sox2, Nanog, and Oct4 also bind suggested that the transcription factors compete for the same DNA targets, providing a potential molecular mechanism by which the expression of Sox17 promotes differentiation at the expense of self-renewal ( Fig. 7E ). Our demonstration that forced overexpression of Sox17 in mouse ES cells is sufficient to displace Nanog from its binding sites supports this model. Thus, Sox17 seems to induce differentiation of ES cells and inhibit self-renewal by antagonizing the action of Nanog (Fig.  7E) . As we observed that there is compensatory redundancy in the function of ExEn-specific transcription factors in vivo, it will be important to determine the extent to which Sox17, Gata4, Gata6, and Nanog compete for DNA-binding sites within the blastocyst.
In conclusion, these findings suggest that Sox17 regulates lineage commitment in several distinct cell types at different stages of development. These observations, in turn, raise an important question to be addressed in the future. When Sox17 is subsequently expressed in other cell types, such as the definitive endoderm and fetal blood (Kanai-Azuma et al. 2002; Kim et al. 2007) , does it bind to and activate distinct sets of genes, or does it recycle the same transcriptional targets to specify these additional cell types? If Sox17 regulates similar sets of genes in these dissimilar cell types, it may shed light on how an entire transcriptional network can be recycled during development to accomplish distinct tasks in the construction of an embryo.
Materials and methods
All experiments were performed in accordance with the Harvard University International Animal Care and Use Committee guidelines for humane care and use of animals.
XEN cell derivation
XEN cells were generated as described previously (Kunath et al. 2005) . Blastocysts were treated with acidic tyrode's solution (Chemicon) to remove the zona pellucida, and were then plated onto g-irradiated mouse embryonic feeder layers in TS cell derivation conditions. After 7-14 d, XEN cells were passaged in XEN media. XEN media consists of 85% KO-DMEM (Invitrogen), 15% fetal bovine serum (Hyclone), 1% L-glutamine (Invitrogen), 1% b-mercaptoethanol (Invitrogen), and 1% penicillin/ streptomycin.
Sox17-inducible mouse ES cell lines
Sox17-inducible ES cell lines were generated using a modification of a previously described protocol (Hochedlinger et al. 2005; Beard et al. 2006) . Sox17 cDNA (Harvard Institute of Proteomics) was PCR-amplified and ligated to a 3XFlag sequence (Sigma), then cloned into a flip-in vector consisting of a frt-flanked neomycinselectable marker and a promoterless, ATG-less hygromycin resistance gene, downstream from a tet-operon. The Sox17-flip-in vector was electroporated with 50 mg of Sox17-flip-in vector and 25mg of pCAAGS-FLPe-puro into 1 3 10 7 KH2 ES cells at 500 V and 25 mF using Gene PulserII (Bio-Rad). KH2 ES cells allow for the expression of the M2-rtTA tetracycline-responsive transactivator under the control of the ROSA26 promoter. To induce Sox17 expression, doxycycline was diluted in ES cell culture media to a final concentration of 1 mg/mL.
Embryo injections
E3.5 B6D2F2 blastocysts were flushed using M2 media (Specialty Media). Manipulations were done on a heated stage (37°C) in HEPES-buffered CZB (HZCB) (81 mM NaCl, 5 mM KCl, 1.18 mM MgSO 4 , 1.17 mM KH 2 PO 4 , 0.1 mM EDTA, 5.5 mM glucose, 0.1 mg/mL polyvinyl alcohol, 0.53% lactic acid) under mineral oil. A hydraulic micromanipulator (Narishige) was used on an inverted microscope (Nikon TE200). A piezo micromanipulator (PrimeTech) was used for drilling the zona pellucida using a 17-mm flat-tipped pipette (Humagen).
Embryo transfer
Blastocysts were injected into day 2.5 pseudopregnant ICR females mated with vasectomized males as described previously (Nagy 2003) . Embryos were dissected in PBS with 0.5% FBS (Hyclone) at E6-E6.5. Embryos were incubated in 1% Hoechst for 10 min and placed on a coverslip bottom dish (MatTec) for imaging using a confocal microscope (Zeiss LSM 510 META).
ChIP-chip
Sox17-inducible ES cells were treated with 1 mg/mL doxycycline for 48 h prior to harvesting. XEN cells were grown for 48 h prior to harvesting. Immunoprecipitation was performed on ;1 3 10 7 to 2 3 10 7 cells as described previously (Vokes et al. 2007 ). Nine micrograms of goat anti-Sox17 (R&D), rabbit anti-Nanog (Cosmo-Bio), goat anti-Sox2 (Santa Cruz Biotechnologies), and mouse anti-M2 Flag (Sigma) antibodies were used for ChIP. ChIP samples were amplified by ligation-mediated PCR as described previously (Vokes et al. 2007) . A total of three biological replicates versus input samples were performed for the XEN sample. Of each sample, 7.5 mg were hybridized to Affymetrix promoter 1.0R arrays, MOE430 A and B (Affymetrix). Detailed micorarray analysis can be found in the Supplemental Material. The raw data for the array may be obtained from Gene Expression Omnibus (GSE19026).
